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Previewsregulates downstream of PRR activa-
tion? One interesting candidate is the
inflammasome response following en-
gagement of Dectin-1 that was recently
found to enlist a noncanonical cas-
pase-8 pathway to generate interleukin-
1b following cleavage of its immature
pro-form (Gringhuis et al., 2012).
Because Rubicon inhibits IL-1b in
response to fungal b-glucans (Yang
et al., 2012b), it may also displace com-
ponents of the inflammasome machinery
like it does with the CBM complex to
regulate this important host pathway
(Figure 1).
Crossing the Rubicon will therefore
likely uncover myriad new functions for
this adaptor protein and reinforce the
notion that many roads lead to host
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RIP3-regulated necrosis has recently emerged as an important antiviral host defense mechanism. A new
study by Upton et al. (2012) identifies DAI, a cytoplasmic DNA sensor, as a partner of RIP3 that is essential
for the induction of regulated necrosis in cytomegalovirus-infected cells.Viruses depend on the intracellular
machinery of the host to produce various
viral components that are required for
replication and virion production. There-
fore, infected cells need to stay alive for
a sufficient period of time to allow viral
replication. Elimination of infected cells
by regulated cell death (RCD) is a fun-
damental mechanism of antiviral host
defense. Locked in an eternal arms race,
hosts are forced to develop ways to kill
infected cells, and viruses struggle to
prevent the premature demise of their
host cells by expressing inhibitors of cell
death. Understanding the mechanisms
inducing the death of infected cells and
the viral strategies to circumvent themwill be essential for the development of
better antiviral therapies. Until recently,
RCD was considered synonymous with
apoptosis; however, necrosis that ismedi-
ated by the receptor interacting protein
(RIP) family of kinases is now recognized
as another type of RCD. Best studied in
TNF receptor 1 (TNFR1)-induced death
signaling, regulated necrosis (also termed
necroptosis) requires RIP1 and RIP3
activity and usually occurs under condi-
tions in which the activity of the proapo-
ptotic protein caspase 8 is compromised
(Mocarski et al., 2011).
Murine cytomegalovirus (MCMV)
possesses several proteins capable of
suppressing cell death (Mocarski et al.,2011). In a previous study, Mocarski and
colleagues showed that one of these
proteins, the viral inhibitor of RIP activa-
tion (vIRA), which contains a RIP homo-
typic interaction motif (RHIM), prevents
the death of MCMV-infected cells by
disrupting the RHIM-dependent forma-
tion of a RIP3-containing protein complex
that induces regulated necrosis (Upton
et al., 2010). MCMV expressing a RHIM
mutant vIRA (M45mutRHIM) was unable
to establish productive infection in wild-
type mice, but replicated efficiently in
RIP3-deficient mice, demonstrating that
RIP3-dependent necrosis of infected cells
is important for antiviral host defense.
While MCMV-induced necrosis requires1, March 15, 2012 ª2012 Elsevier Inc. 223
Figure 1. RHIM-Dependent Association of DAI with RIP Kinases Activates Antiviral
Responses
DAI, presumably activated by sensing viral dsDNA, interacts with RIP3 to induce necrosis of viral
infected cells. In addition, DAI associates with RIP1 to activate IKK/NF-kB signaling that synergizes
with DAI-mediated TBK1/IRF activation to induce type I interferon expression. The viral inhibitor vIRA
disrupts the RHIM-dependent interaction of DAI with RIP1 and RIP3, thereby preventing both NF-kB
activation and virus-induced necrosis of infected cells.
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PreviewsRHIM-dependent RIP3 signaling, it does
not depend on RIP1 or TRIF (Upton
et al., 2010), two other RHIM-containing
proteins implicated in regulated necrosis,
raising the question of what the partners
are of RIP3 in virus-induced necrosis.
In this issue of Cell Host & Microbe,
Upton and colleagues identify DNA-
dependent activator of IRFs (DAI, also
known as ZBP1 or DLM-1) as an essential
partner of RIP3 in MCMV-induced cellular
necrosis (Upton et al., 2012). DAI is a
RHIM-containing protein first identified
as a cytoplasmic DNA sensor that is
capable of inducing type I interferon
production (Takaoka et al., 2007). DAI
was also shown to activate NF-kB by
RHIM-dependent recruitment of RIP1
and RIP3 (Kaiser et al., 2008; Rebsamen
et al., 2009). Although DAI was not previ-
ously implicated in cell death, Upton
et al. reasoned that by associating with
RIP3, DAI might be involved in virus-
induced necrosis. In initial experiments,
they found that expression of DAI corre-
lated with sensitivity of the cells to
M45mutRHIM virus-induced necrosis.
Using NIH 3T3 cells, which do not express
DAI and are resistant to virus-induced
death, they showed that expression of224 Cell Host & Microbe 11, March 15, 2012wild-type but not a RHIM mutant DAI
was sufficient to sensitize these cells to
M45mutRHIM MCMV-induced necrosis.
M45mutRHIM virus-induced necrosis
of NIH 3T3 cells expressing DAI was
inhibited by shRNA-mediated RIP3
knockdown, but was not prevented by
treatment with the RIP1 kinase inhibitor
Nec-1, the pan-caspase inhibitor zVAD-
fmk, or anti-TNF neutralizing antibodies.
In addition, knockdown of DAI in 3T3-SA
cells, which express both DAI and RIP3
and are sensitive to virus-induced death,
was as effective as knocking down
RIP3 in inhibiting M45mutRHIM MCVM-
induced necrosis. Coimmunoprecipita-
tion experiments showed that DAI
interacted with RIP3 upon infection with
M45mutRHIM but not with wild-type
MCMV, suggesting that vIRA suppresses
MCMV-induced necrosis by preventing
the association of DAI with RIP3.
To confirm their findings in definite
genetic models, Upton and colleagues
used DAI-deficient mice and cells. They
found that DAI-deficient MEFs were
protected from M45mutRHIM MCMV-
induced necrosis similarly to MEFs lack-
ing RIP3. In addition, M45mutRHIM virus
could replicate in DAI-deficient but notª2012 Elsevier Inc.in wild-type MEFs. Subsequent in vivo
experiments confirmed these in vitro find-
ings. M45mutRHIM MCMV was unable
to establish productive infection in wild-
type mice, but could readily infect DAI-
deficient as well as RIP3-deficient mice.
As an important control, M45mutRHIM
MCMV failed to infect mice deficient for
the IFNa/b receptor, demonstrating that
the function of DAI in inducing the death
of infected cells is independent of type I
interferons. Taken together, the results
of Upton and colleagues reveal a new
and important function of DAI in antiviral
defense, interacting with RIP3 in a
RHIM-dependent manner to activate an
intrinsic death pathway inducing necrosis
of infected cells (Figure 1).
The work by Upton and colleagues
makes an important first step in identi-
fying a new DAI-RIP3-dependent path-
way that regulates virus-induced cellular
necrosis, but also opens a number of
questions to be addressed. DAI-RIP3-
induced necrosis does not depend on
RIP1 and seems to be distinct from death
receptor-induced necroptosis, but the
molecular machinery and the mecha-
nisms regulating the DAI-RIP3 pathway
remain unknown. Recent studies de-
scribed a signaling platform containing
FADD, caspase 8, and c-FLIP as an
important regulator of RIP3-RIP1-depen-
dent necrosis (Feoktistova et al., 2011;
Oberst et al., 2011); however, the poten-
tial role of these proteins in controlling
DAI-RIP3-induced necrosis has not been
addressed. Identifying the molecular
components of the DAI-RIP3 complex
will be required to assess whether similar
platforms regulate the different types of
RIP3-mediated necrosis. Inhibition of
caspase 8 activity facilitates RIP1-RIP3-
dependent necroptosis, but the role
of caspase 8 in DAI-RIP3-dependent
necrosis of virus-infected cells remains
elusive. If caspase 8 inhibition is important
for DAI-RIP3-mediated necrosis, the
expression of the viral inhibitor of caspase
8 activation (vICA) by MCMV would be
expected to sensitize cells to virus-
induced necrosis. An additional issue
that remains to be resolved is how the
virus induces the formation of the DAI-
RIP3 necrosis-regulating complex. Since
DAI has the capacity to sense viral
dsDNA, it is tempting to hypothesize that
DAI directly links viral DNA sensing to
the activation of a cell-autonomous
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Previewsintracellular pathway inducing the regu-
lated death of infected cells. However, in
the absence of experimental evidence, it
remains unclear whether the DNA-
sensing capacity of DAI is involved in the
formation and/or the activation of the
DAI-RIP3 complex inducing the necrotic
death of infected cells. Further studies
will be required to address whether the
DNA-sensing and death-inducing pro-
perties of DAI are linked or are indepen-
dent of each other. Another important
question to address is whether the DAI-
RIP3 pathway induces necrosis of cells
infected with other viruses in addition to
MCMV. The possibility that DAI-RIP3-
mediated necrosis might be a generalmechanism of antiviral defense is exciting
and awaits experimental validation.
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